The marine laboratories in Plymouth have sampled at two principle sites in the Western English Channel for over a century in open-shelf (station E1; 508 02 0 N, 48 22 0 W) and coastal (station L4; 508 15 0 N, 48 13 0 W) waters. These stations are seasonally stratified from late-April until September, and the variable biological response is regulated by subtle variations in temperature, light, nutrients and meteorology. Station L4 is characterized by summer nutrient depletion, although intense summer precipitation, increasing riverine input to the system, results in pulses of increased nitrate concentration and surface freshening. The winter nutrient concentrations at E1 are consistent with an open-shelf site. Both stations have a spring and autumn phytoplankton bloom; at station E1, the autumn bloom tends to dominate in terms of chlorophyll concentration. The last two decades have seen a warming of around 0.68C per decade, and this is superimposed on several periods of warming and cooling over the past century. In general, over the Western English Channel domain, the end of the 20th century was around 0.58C warmer than the first half of the century. The warming magnitude and trend is consistent with other stations across the north-west European Shelf and occurred during a period of reduced wind stress and increased levels of insolation (þ20%); these are both correlated with the larger scale climatic forcing of the North Atlantic Oscillation.
The marine laboratories in Plymouth have sampled at two principle sites in the Western English Channel for over a century in open-shelf (station E1; 508 02 0 N, 48 22 0 W) and coastal (station L4; 508 15 0 N, 48 13 0 W) waters. These stations are seasonally stratified from late-April until September, and the variable biological response is regulated by subtle variations in temperature, light, nutrients and meteorology. Station L4 is characterized by summer nutrient depletion, although intense summer precipitation, increasing riverine input to the system, results in pulses of increased nitrate concentration and surface freshening. The winter nutrient concentrations at E1 are consistent with an open-shelf site. Both stations have a spring and autumn phytoplankton bloom; at station E1, the autumn bloom tends to dominate in terms of chlorophyll concentration. The last two decades have seen a warming of around 0.68C per decade, and this is superimposed on several periods of warming and cooling over the past century. In general, over the Western English Channel domain, the end of the 20th century was around 0.58C warmer than the first half of the century. The warming magnitude and trend is consistent with other stations across the north-west European Shelf and occurred during a period of reduced wind stress and increased levels of insolation (þ20%); these are both correlated with the larger scale climatic forcing of the North Atlantic Oscillation.
I N T RO D U C T I O N
Since the 1980s, the rate of sea surface temperature (SST) rise around the UK has been about 0.2-0.68C per decade (MCCIP, 2008) and this warming has been fastest in the English Channel and southern North Sea. Climate models indicate a continuation of this rise with the most pronounced warming predicted for the Celtic, Irish and southern North Seas. Stratification strength is also predicted to increase but substantially less so on the continental shelf compared with the deep seas (UKCP09, 2009). The biological response to these changes, such as the migration of particular marine organisms (Beaugrand and Reid, 2003; Zacherl et al., 2003; Beaugrand, 2004; Hawkins et al., 2008; Hiddink and ter Hofstede, 2008; Beaugrand et al., 2009 ) and changes in the timing of the spring phytoplankton bloom (Wiltshire and Manly, 2004; Sharples et al., 2006; Nicklisch et al., 2008; Sommer and Lengfellner, 2008; Vargas et al., 2009) , have all been studied. It is therefore important that continuous monitoring programs, such as the Western Channel Observatory (WCO), are established and maintained in these complex shelf regions, to quantify and validate these predicted changes.
The WCO is situated in the Western English Channel and comprises of several long-term sustained observations, principally at stations L4 (508 15 0 N, 48 13 0 W; depth 50 m) and E1 (508 02 0 N, 48 22 0 W; depth 75 m). These stations have a long history of in situ sampling doi:10.1093/plankt/fbp128, available online at www.plankt.oxfordjournals.org. Advance Access publication December 27, 2009 # The Author 2009. Published by Oxford University Press. All rights reserved. For permissions, please email: journals.permissions@oxfordjournals.org JOURNAL OF PLANKTON RESEARCH j VOLUME 32 j NUMBER 5 j PAGES 585-601 j 2010 (Southward et al., 2005) and represent both open shelf (E1) and coastal waters (L4) within 40 km of Plymouth ( Fig. 1 ) allowing frequent sampling, weather permitting, throughout the year. The Western English Channel is ideal for detecting ecosystem responses to climate change, including interactions with large-scale impacts such as fishing (Araujo et al., 2006) , without the confounding effect of more localized and regional impacts (e.g. eutrophication). The region straddles biogeographical provinces with both boreal/cold temperate and warm temperate species present (Southward et al., 2005) , giving early warning of change in species composition and distribution elsewhere.
L4 has been sampled continuously by the Plymouth Marine Laboratory since 1988 with an initial emphasis on zooplankton measurements. E1 represents the longterm hydrographical series originally started in 1903 by the Marine Biological Association (MBA), which is unbroken apart from the hiatus caused by the World Wars and organizational changes in the late 1980s and 1990s. E1 may be described as an open-shelf station, well away from coastal freshwater influences but not fully oceanic as the shelf break, some 350 km to the south-west, forms an efficient barrier to transfers of water between the shelf and the open Atlantic. However, when compared with other long-term stations situated in the Irish and North Seas, E1 is subject to higher salinities and lower phosphate concentrations, and has been assumed (Laane et al., 1996) to be representative of the natural signal of Atlantic water entering the shelf seas.
The hydrography at E1 is characterized by the development of a seasonal thermocline: typically stratification starts in May, persists throughout the summer and is eroded by the end of October. The typical depth of the summer thermocline is around 20 m. Station L4 is periodically affected by riverine inputs of the Tamar estuary and the magnitude of these is determined by recent rainfall, wind mixing and the state of the tide. L4 is also seasonally stratified throughout the summer period. Both stations are tidally influenced (0.6 ms 21 maximum surface stream at mean spring tide) with a predominantly sandy sea bed (Pingree, 1980) . As to be expected, both stations are strongly affected by ambient weather conditions. This paper examines the wider spatio-temporal context within which the WCO is situated. The spatial dimension is studied using satellite remote sensing of sea-surface temperature (SST) and ocean colour. The temporal is examined in terms of the fundamental ecosystem determinants of temperature, salinity, light, nutrients, chlorophyll and meteorology. These are analysed in terms of seasonality and for trends in the individual time-series.
M E T H O D Remote sensing
Monthly SST climatologies for the period 1985 -2001 were obtained from version 5.0 of the AVHRR Pathfinder (Pathfinder, 2009 ) data set. (This is the latest climatological period available.) These global data were at 4 km resolution and night-time climatologies were used to avoid the problems of diurnal heating (Schluessel et al., 1990) . Data were extracted for the region 48-528N, 10 -28W and the monthly mean images smoothed using a boxcar average over a 16 pixel wide moving window to achieve smooth contouring. Unsmoothed data from the entire Pathfinder data set (1985 -2007) was used for the point satellite data extractions at L4 and E1, and a time-series of monthly anomalies constructed. Monthly chlorophyll-a (O'Reilly et al., 1998) climatologies (V5.2) from the Sea-viewing Wide-Field-of-view Sensor (SeaWiFS) were obtained from the OceanColor Web (OceanColorWeb, 2009) for the period 1998-2007. As for SST, the data were extracted for the region of interest and smoothed.
Meteorological parameters
Surface meteorological parameters for the grid point closest to the location of L4 and E1 (508N, 48W) were obtained from the European Centre for Medium Range Weather Forecasting (ECMWF) ERA-40 data set for the period between 1958 and 2007. The parameters extracted were the vector wind (split into zonal and meridional components) and percentage cloud cover. The daily wind data were then averaged over each calendar month of the time-series. JOURNAL OF PLANKTON RESEARCH j VOLUME 32 j NUMBER 5 j PAGES 585-601 j 2010
Monthly averaged North Atlantic Oscillation (NAO, 2009) data were also obtained for the same period, so the larger scale forcing could be related to the local scale effects. For an historical comparison (Southward et al., 1975) , sunspot data were also obtained (NOAA, 2009 ).
Incident irradiance
Incident irradiance was calculated using the Gregg and Carder (Gregg and Carder, 1990 ) spectral model for cloudless marine atmospheres, rather than relying upon sporadic in situ solar irradiance data. This was modified for clouds, taken from the ECMWF ERA-40 analyses, using the formulation of Reed (Reed, 1977) . The model was run using a standard atmosphere (surface pressure 1013 mb; relative humidity 75%; visibility 15 km; aerosol angstrom exponent 0.8; perceptible water 2 cm; ozone concentration 270 DU) for the nominal location in the Western English Channel (508N, 48W). The model was run at 5 nm wavelength resolution between 400 and 700 nm with a time step of 30 min and integrated over time and wavelength to obtain total daily PAR (mol photons m 22 day
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) for each day of the year between 1958 and 2007. The daily data were then further averaged to give a monthly mean irradiance covering the timeseries. Finally, a climatological mean monthly PAR was determined and the percentage anomaly for each individual month from this climatological mean calculated.
In situ temperature and salinity
Early in the time-series (1903 -1987) , temperature and salinity depth profiles were determined using reversing mercury thermometers and salinity bottles at E1; surface measurements also being taken using a scientific bucket and thermometer. In the electronic era instruments changed between two different systems: 1988 -2001 used a CTD developed at PML (Aiken, 1984) ; post 2002 used a SeaBird SBE19þ. At L4, surface temperatures were measured using a thermometer and bucket 1988 -1998 , PML CTD system 1998 and SeaBird SBE19þ post 2002 . There are obvious drawbacks to not having consistent instrumentation throughout a time-series (Parker et al., 1995) , especially as there was insufficient overlap to carry out a rigorous difference analysis. It is also difficult to carry out a proper error analysis of the different component data sets. For example, surface-collected bucket samples are subject to convective heating by direct insolation and conduction, depending on the bucket material, when on the deck. The frequency of calibration is not known for the mercury thermometers. Without these sources of metadata and a full description of the instrumentation used, it is difficult to properly quantify the errors. However, it is likely that the older parts of the data set are subject to larger errors than more recent data. Using this as a rule of thumb, qualitative errors can be arrived at. For the temperature data set, a realistic error is +0.18C for the bucket and mercury in glass thermometers, whereas the SeaBird SBE19þ has a likely accuracy of +0.0018C. The same qualitative error analysis can be applied to the salinity data set with an accuracy of +0.05 (using salinity standards) early in the data set and +0.01 for the recent electronic data. The accuracy of the salinity values since 2002 has been periodically verified by simultaneously measuring with two or more SBE19þ units through the water column.
To cover the hiatus in the time-series between 1987 and 2002, especially marked for E1, point data extractions from the monthly AVHRR Pathfinder data set were used. For consistency, all data types were used to calculate the climatological monthly mean temperature; the individual monthly anomalies were then determined as a simple difference from this. The quoted global accuracy of the Pathfinder data set is 0.14 + 0.368C.
Heat budget
A simple heat budget was calculated for the E1 site using the in situ measurements of SST (satellite data were used to replace missing data) and ECMWF ERA-40 meteorological parameters of surface wind, air temperature, humidity and cloud cover data. The budget can be described thus:
where Q T is the total heat flux into the ocean; Q SW the solar (short wave) input; Q LW the heat lost by long wave radiation; Q S the sensible heat flux; Q L the latent heat flux and Q V the advection term (which was neglected). The Matlabw codes used to carry out this analysis were downloaded from the Woods Hole Science Center web site (WHSC, 2009). Essentially, Q SW is a function of cloud-cover, latitude and time of year; Q LW a function of cloud-cover, sea and air temperature and humidity; Q S is a function of wind speed, sea and air temperature and Q L a function of wind speed and humidity. Equation (1) was used to calculate a heat budget on a daily basis between 1957 and 2007 and the E1 SSTs were interpolated from a coarse monthly grid onto a daily grid using linear interpolation. A monthly mean was then calculated, and a departure from that monthly mean (anomaly) for each data point constructed. Finally, the data were put through a running 5-year median filter so the net heat flux anomaly could be calculated.
Nutrients
Surface measurements of the major nutrient species were taken weekly at L4 and depth profiles monthly at E1. After 2004, analysis was carried out using fresh (rather than frozen) samples to overcome possible sampling and storage artefact issues. All nutrient concentrations were determined using recognized analytical techniques (Woodward and Rees, 2002) as follows: phosphate (Zhang and Chi, 2002) , silicate (Kirkwood, 1989) , nitrate and nitrite ions (Brewer and Riley, 1965) , and nitrite analysis (Grasshoff, 1976) . Nitrate concentrations were calculated by subtracting the nitrite from the combined nitrate plus nitrite concentration.
Chlorophyll a
One or 2 L of seawater was filtered onto a Whatmanw GF/F glass microfibre filter and the filter stored in liquid nitrogen until the analysis. For the analysis stage, pigments were extracted from the thawed GF/F filter into 2 mL methanol (Llewellyn et al., 2005) and sonicated for 35 s. These extracts were then centrifuged to remove filter and cell debris (5 min at 4000 rpm) and analysed using reversed-phase HPLC (Barlow et al., 1997) . Pigments, including chlorophyll a, were identified using retention time and spectrally matched using photo-diode array spectroscopy (Jeffrey and Wright, 1997) . Pigment concentrations were determined by response factors, generated at the time of instrument calibration, using a suite of pigment standards. For fluorometrically determined chlorophyll a, 0.1 L of seawater was filtered through GF/Fs in triplicate and the JGOFS (JGOFS, 1994) protocols adhered to. HPLC chlorophyll-a data were only available between 1999 and 2008 from L4, whereas the fluorometrically determined values spanned a longer portion of the time-series between 1992 and 2008. Therefore, to give a longer time period of observations, both data sets were merged; HPLC being used in preference to fluorometric where available. The agreement between the HPLC and fluorometrically derived values was close with the following regression statistics: slope ¼ 0.989, bias ¼ 0.0026 and r 2 ¼ 0.98.
R E S U LT S
Remote sensing: the wider picture Figure 2 shows the seasonal transition between mixing and stratification. The winter months (DecemberMarch) are characterized by a latitudinal variation in temperature (warm in the south, cold in the north), this pattern only being interrupted by land boundaries. Starting around May, and lasting until September, an increasingly heterogeneous pattern emerges between the stratified Celtic Sea and Western approaches and regions subject to strong tidal mixing. Notable regions include the southern Irish Sea, the Penwith Peninsula (in the west of Cornwall), Ushant (north-western France), the Bristol Channel and the mid-English Channel. These strong horizontal temperature gradients are the surface manifestation of tidal mixing fronts (Simpson, 1981) and are controlled by variations in the intensity of tidal stirring. These frontal regions have also been shown to be biologically important (Pingree et al., 1975) . The temperature gradients are most intense in July and August. The temperature gradient between the Celtic and southern Irish Sea is around 18C every 10 km. The cooling effect of enhanced tidal mixing off Ushant and the Penwith Peninsula is around 28C, although the effect may be stronger than this during spring tides (and weaker during neaps). The tidal stream amplitude at these two locations is 2-2.5 and 1 -1.5 ms
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, respectively (Pingree, 1980) , which is above the background 0.5 -1 ms 21 typical of the Western English Channel, and the bottom stress is of order 1 -2 Nm
22
. A visual inspection of the differences between the 1905 -1954 climatologies presented in Pingree (Pingree, 1980) shows that typically the 1985 -2001 climatologies are around 0.58C warmer right across the domain and the August climatology may be up to 18C warmer. However, it must be noted that these two sets of climatologies were arrived at using different measurement techniques. Figure 3 shows that the typical background chlorophyll concentration in the Western English Channel is around 1 mg m 23 throughout the year. Winter (October-March) is characterized by higher "chlorophyll" around the coast. However, these are likely artefacts caused by elevated values of suspended particulates and/or coloured dissolved organic matter which confounds the satellite chlorophyll algorithm (Sathyendranath et al., 1989) . The first sign of the spring bloom, consistent with an earlier onset of stratification (Pingree, 1980) , is in April in the Celtic Sea with chlorophyll values between 1 and 3 mg m
23
. The values in the Western English Channel remain at 1 mg m 23 for this month. However, bloom conditions last longer in the Western English Channel with particularly elevated chlorophyll in the central Western English Channel from June, especially in July, and into August. This localized maximum marks the most common position of summer blooms of either Karenia mikimotoi (Pingree et al., 1975) or Emiliana huxleyi (Smyth et al., 2002) ; the latter being characterized by much lower chlorophyll concentrations than the former. During the summer period, there is a pronounced reduction in phytoplankton towards the southwest of the domain, with some parts of the Western approaches having chlorophyll concentrations ,0.3 mg m
. The chlorophyll increases with the approach of autumn with the breakdown in stratification and the mixing of nutrients into the surface layer. It should be noted here that Fig. 3 is a mean of 10 years' satellite derived chlorophyll a over an entire month. The averaging process has the effect of smearing out point events and lessening their impact. The absolute magnitude of the spring bloom for example in the Celtic Sea has been reported to be as high as 5.5 mg m 23 (Fasham et al., 1983 ) and 8 mg m 23 (Pingree, 1980 
Physical forcing
The 50-year time-series of modelled wind data, extracted from the ERA-40 analyses, shows a high degree of variability (Fig. 4) , with the wind speed varying between 0 and 10 ms 21 (median around 3.0 ms 21 over the past decade). The dominant and strongest winds come from the south-west quadrant, with the least frequent winds coming from the north-east. Applying a 5-year running median filter to the zonal wind component (Fig. 4) shows a degree of decadal periodicity, with weaker westerly winds during the 1970s and in the 1990s. Also shown is the North Atlantic Oscillation (NAO, 2009) Index with an annual running median filter applied to the monthly averaged data. If an annual running median filter is applied to both the NAO and the zonal wind data, the correlation is 0.40 (incidentally, the correlation between sun spot cycle and zonal wind strength is 0.23, with a weaker correlation between sun spots and the NAO of 0.08). The meridional wind does not display the same periodicity, with the median southerly wind component being around 0.5 ms 21 and a weaker correlation (0.15) with the NAO.
The corresponding PAR anomaly 50-year time-series (Fig. 5) shows a high degree of variability on a month-by-month basis. The surface PAR can vary by almost 150% according to these modelled results. In reality, the PAR variability at the surface is likely to be more than this. The theoretical effect of adding clouds, from clear to completely overcast, is to reduce the daily insolation by a factor of two: in January the variation is between 3.5 and 7 mol photons m 22 day 21 and in July between 33 and 57 mol photons m 22 day
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. However, the Reed's (Reed, 1977) cloud model is highly generalized and only uses a single (percentage) cloud cover for a 24-h period. There is no input information on the height or type of clouds: for instance, the radiant properties of cirrus are very different to nimbostratus. Over longer time-periods, it is likely that these short temporal variations become less important. Applying a 5-year running median filter to the PAR anomalies (Fig. 5) shows a degree of coherence, with the first 20 years of the time-series showing a long-term decrease in the amount of PAR received at the surface by around 20% and a corresponding increase over the last 20 years. There are signs that over the past 5 years, the trend has somewhat stabilized and is possibly starting to decline. When correlated to the larger scale forcing of the NAO, there is a negative correlation (r ¼ 20.20), i.e. when the westerly (Atlantic) winds are weaker there is more Fig. 3 . Mean monthly chlorophyll climatologies (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) , derived from the SeaWiFS ocean colour time-series and contoured at irregular intervals (0.3, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6 mg m 23 ). In December, the solar illumination is insufficient for the satellite remote sensing of ocean colour. incident PAR. This is most clearly seen in a direct comparison between the zonal wind strength (Fig. 4) and the PAR anomaly (Fig. 5) . The period between 1978 and 1990 was characterized by stronger zonal (westerly) winds. This matches the negative PAR anomaly where there was a strong and sustained drop in PAR by around 10%. Although the NAO was not strongly positive during this period, it was dominated by positive (more westerly) values. The stronger westerly winds imply a dominance of Atlantic depressions bringing cloud (and hence the drop in PAR), wind and rain over the UK.
Temperature
The E1 sea-surface temperature time-series (Fig. 6 ) shows considerable temperature variability over the 20th century with surface monthly anomalies ranging between +28C of the 1903 -2007 long-term mean. There are several periods of warming and cooling: a warming in the 1920s and 1930s (Southward, 1960) ; a cooling in the 1940s and 1960s; a pronounced warming in the 1950s and a warming from the mid-1980s to the present. Currently, the surface temperatures are around 0.88C above the long-term average, with the rapid temperature increase (þ0.68C per decade over the past 20 years: slope ¼ 0.06; r 2 ¼ 0.21) from the mid-1980s to the present, being captured by the satellite record.
Towards the bottom of the water column (50 m), the recent temperature anomalies are particularly notable and are of order 0.78C above the long-term average. This implies that the warming is not limited to the surface and the whole water column is affected. Fig. 4 . Variations in the zonal (west-east), meridional (south-north) vector winds, the total windspeed and wind direction for the period 1958-2007. All wind data extracted for a grid point at 508N, 48W from the ECMWF ERA-40 midnight analyses and averaged over a calendar month. A 5-year running median is plotted as the solid black line with the monthly averaged NAO, filtered through a 12-month running median, overlaid as the lower solid dark grey line on the zonal wind plot.
The mean monthly surface temperatures (Fig. 6) range from a minimum of 9.28C in March, to a maximum of 16.58C in August, with the 2s envelope ranging between +0.7 and +1.38C around the mean. The mean monthly 50 m temperature has a minimum of 9.18C in March and a maximum (following the breakdown in stratification) of 14.18C in October. The 2s envelope has a smaller range than at the surface and is between +0.5 and +0.78C around the mean at 50 m.
The surface and bottom temperatures were used to determine the onset date of thermal stratification, defined as a þ0.18C difference between the surface and bottom temperature. No appreciable trend was found over the entire centennial time-series, although the temporal coarseness of the sampling routine at E1 could be partially to blame as the station is only sampled once per month. The median date for the start of thermal stratification was found to be day 121 (1 May). This is in good agreement with previous dates arrived at (Pingree, 1980) .
The heat balance anomaly analysis (Fig. 7) shows that for the period between 1963 and 1978, the net heat flux anomaly was around þ10 W m 22 (i.e. into the sea). The following decade was characterized by a negative anomaly of 28 W m 22 (i.e. heat lost by the sea). The period between the mid-1980s and the late 1990s was characterized by a rapid reversal in this with a short-lived peak around 1998 of þ30 W m
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. This uptake of heat by the sea corresponds to the period of warming of 0.68C per decade at E1. The correlation between wind speed (Fig. 4) and the net heat flux anomaly was 20.52. The correlation between the incoming solar radiation (represented by Fig. 5 ) and the net heat flux anomaly was 0.87. However, caution must be taken when analysing the correlation between the net heat flux and SST and net heat flux and the various meteorological parameters as these were the measurements used to force the model. Figure 8 shows that the temperature anomaly timeseries for L4 appears to be much noisier than for E1 (Fig. 6) . However, this could be an artefact caused by more frequent sampling at L4 (weekly whereas E1 is typically monthly). The monthly averages are remarkably similar to E1: a surface minimum of 9.18C in March and a maximum of 16.48C in August with a similar envelope of variability. However, the averages were calculated over different time periods (1903 -2007 for E1; 1988 -2007 for L4) . As the L4 time-series was calculated over a warmer phase, these similarities in the mean-monthly temperatures are misleading. Comparison between Figs 6 and 8 shows that L4 is cooler than E1 by approximately 0.58C for the period January -June. In July, E1 is around 18C warmer, but for the period September-November L4 is slightly warmer by between 0.1 and 0.38C. Both stations show a warming over the period 1985 -2007 . The onset of stratification, as for station E1, has not changed appreciably over the 20-year time-series. Using a more conservative þ0.58C difference between the surface and 30 m, the median date for the onset of stratification is 23 April.
Figures 6 and 8 show a possible superposition of background climate effects and ambient meteorology by showing the temperature data for 2007 (asterisks). The summer period of 2007 was notable for being wet and overcast. This hampered the warming of the surface layers by insolation and the subsequent development of a strong thermocline. This limited the temperature throughout the water column (seen at both the surface and 50 m) to around the climatological average. However, both the winter/early spring and autumn periods, which are characterized by well mixed water columns at both L4 and E1, have temperatures that are the highest ever recorded in the respective series. This apparent paradox of limited summer surface warming being followed by warmer than average winter temperatures may be partially explained by the surface layer being relatively thin compared with the bottom waters. At L4, the surface layer is typically 10-15 m (cf. 50 m total water column). Also a warmer surface layer loses considerably more heat back to the atmosphere with the onset of autumn and so has a relatively slight impact on the final mixed temperature. It is likely that winter sea temperatures are more strongly related to winter air temperatures (Sharples et al., 2006) . (Gregg and Carder, 1990) monthly PAR anomaly for a grid point at 508N, 48W using cloud coverage data from the ECMWF ERA-40. A 5-year running median is plotted as the solid black line.
Salinity
The waters at E1 (Fig. 9) are typically more saline than at L4 (Fig. 10 ) by around 0.1 (but again note the difference in the averaging time period). Station L4 clearly shows the localized effect of riverine inputs, with sharp, pulsed delta-functions of lower salinity, freshening the water by up to 21. These fresher pulses are not apparent at 50 m depth, which implies that these are surface lenses of fresher water from the River Tamar. Indeed individual salinity profiles (not shown here) at L4 frequently demonstrate the freshening to be restricted to the top 2 -25 m of the water column depending on the severity of the event. Localized intense precipitation could also account for some of the surface freshening, but not for changes in sea-water chemistry which is episodically measured (Rees et al., 2009) . Also the magnitude of some of the freshening events observed discounts localized precipitation from being the sole cause. For example, February 2007 saw a freshening of 0.5 though the water column to a depth of 25 m. If all the freshening was solely due to local precipitation (i.e. neglecting the advection component), the amount of rainfall required would be in excess of 350 mm. Only 175 mm was recorded at the Plymouth Marine Laboratory meteorological station over the entire month. 
Nutrients
The monthly averaged nitrate (Fig. 11) shows a variation of between 8 mM in January to below the detectable limit between May and July at L4. Similar values et al., 2004) reported nitrate values between 6.5 and 8.5 mM. The period of the spring bloom is characterized by a rapid depletion in nitrate as the phytoplankton grow (March-April). This, as Pingree et al. (Pingree et al., 1977) observe, is before the thermocline becomes permanently established. The length of the spring bloom is constrained by the exhaustion of nitrate. The erosion of the thermocline and the breakdown in stratification signals the start of the replenishment of nitrate to the surface layers in September and October. The maximum envelope around the mean for nitrate shows some summer events well above the detectable limit (1 -2 mM) in June, July and August. Similar events have been attributed by Rees et al (Rees et al., 2009) to strong riverine inputs by the River Tamar.
The L4 time-series for nitrite shows subtly different behaviour to that of nitrate. A pre-spring bloom maximum of 0.25 mM is measured in March, which, as with nitrate, declines to below the detectable limit until July. A strong peak in October (which is observed throughout the data set, shown in the maximum and minimum envelope) is possibly attributable to enhanced nitrification of remineralized nitrogen following the breakdown of the late summer blooms which characterize this environment and subsequent mixing of the resultant high NO 2 bottom water following the breakdown of stratification.
Phosphate typically lags nitrate by around 1 -2 months at both L4 and E1, the minimum being observed in July (,0.05 mM) and maximum in February (0.55 mM) at L4. This possibly suggests that phytoplankton that can survive nitrate limitation but can thrive on phosphate, can gain the upper hand within the chain of succession for the period between May and August. The presence of phosphate in the absence of detectable nitrate during May -August suggests that the phytoplankton at L4 are predominantly nitrogen limited. Nevertheless, episodic fluvial inputs of high nitrate water from the River Tamar have been shown to temporally alleviate nitrogen limitation (Rees et al., 2009) . There is a possible disconnect between the waters at E1 and L4 in the summer months, with E1 consistently reporting higher values (þ0.05 mM) in July and August.
Hydes et al. (Hydes et al., 2004) report similar values to L4 for winter phosphate on the Malin Shelf (0.53 mM cf. 0.68 mM for the open North Atlantic). The values shown here for E1 are lower than for L4 (0.41 mM cf. 0.55 mM in February). The E1 values are consistent with lower values of inorganic phosphate maxima reported by Southward (Southward, 1980) in relation to the Russell cycle (Russell et al., 1971) . Kelly-Gerreyn et al. (Kelly-Gerreyn et al., 2007) suggested, when comparing their Ferrybox phosphate concentrations with the 1930 -1987 E1 mean winter maximum concentrations, that the English Channel may have returned to the same state as was experienced in the 1960s. Laane et al. (Laane et al., 1996) , using data from the NOWESP database, show that for the period between 1960 and 1970 the winter maximum phosphate was between 0.3 and 0.5 mM at E1. This contrasts with the periods 1954 -1960 and 1970 -1985 where the range in winter phosphate was between 0.5 and 0.7 mM. Other stations on the north-west European Shelf such as Port Erin (548 5 0 N 48 46 0 W) and in the Dutch coastal zone (528N, 28E) observe higher winter maxima (.0.7 mM) and greater seasonal variability, although there appears to be no clear relationship between these two stations and E1 in terms of salinity and phosphate concentrations (Laane et al., 1996) . Silicate shows a similar pattern to nitrate, with a maximum in January of around 5 mM and a minimum between May and July at L4. This suggests that a spring bloom, dominated by silicifying diatoms, exhausts the supply of silicon by May. The minimum in silicon, measured in July, marks the likely timing, when it occurs, of the coccolithophore Emiliana huxleyi, which can thrive in low silicate conditions (Egge and Aksnes, 1992; Brown and Yoder, 1994) . Indeed, this is when they are observed in the Western English Channel (Gordon et al., 2001; Smyth et al., 2002) . Interestingly, the values of silicate are much lower in the winter months at E1 with a maximum of 3.5 mM in March. This compares well with the 3.3 mM reported for the Malin Shelf region (Hydes et al., 2004) and lower than the open North Atlantic Ocean values of 4.75 mM. The values at L4 suggest, therefore, that the supply of silicate is likely to come from a different source other than the advection of Atlantic water moving over the continental shelf and along the English Channel (Pingree et al., 1977) . The most likely source of silicate is the Tamar estuary.
Chlorophyll
The chlorophyll-a time-series (Fig. 12) shows a large degree of annual and interannual variability. At L4, the satellite chlorophyll algorithm is likely to be periodically confounded by the presence of CDOM and suspended particulates (Sathyendranath et al., 1989) and there may also be other coastal effects not accounted for such as adjacency (Santer and Schmechtig, 2000) . However, the variability in the satellite chlorophyll signal at L4 is similar to that determined using HPLC and fluorometry, i.e. typically ranging between 0.5 and 2 mg m 23 with sharp peaks for short-duration bloom events. Chlorophyll concentrations at E1 seem to be lower than at L4 for most of the year. L4 is affected by two distinct bloom events: the first in May and the second in September, with typical values in the blooms being around 2 mg m 23 but may be as high as 8 mg m 23 in the autumn bloom. E1 seems to be dominated by a late summer bloom, which is consistent with Fig. 3 ; E1 being situated on the northern edge of the mid-Channel bloom. The higher concentrations of chlorophyll in the autumn blooms at both stations can be attributed to phytoplankton seasonal succession dynamics. The spring bloom is generally dominated by diatoms, whereas the autumn is characterized by dinoflagellates, such as e.g. Karenia mikimotoi. Dinoflagellates (unlike diatoms) are motile (Ryan et al., 2009; Schaeffer et al., 2009) and can therefore access nutrients below the nutricline before swimming back to the surface layer to proliferate in the light. The phytoplankton seasonal succession at L4 and long-term phytoplankton dynamics are discussed by Widdicombe et al. (Widdicombe et al., 2010) . 
D I S C U S S I O N
The sea surface temperature increases of around 0.68C per decade over the past 20 years at stations E1 and L4, resulting in temperatures approximately 0.88C above the long-term average, are consistent with rises reported across the UK shelf seas (MCCIP, 2008) . These temperature rises are not confined to the surface only, with the temperature at the bottom of the water column seeing rises of equal magnitude. Interestingly, the period of greatest temperature rise ( Fig. 6 ; during the 1990s) coincided with a corresponding reduction in the long-term running median surface wind speed (Fig. 4) and an increase in the surface solar irradiation by around 20% (Fig. 5) . Both the surface zonal wind strength (the westerly vector wind) and PAR were correlated (with the opposite sign) to the larger scale forcing of the NAO. A reduction in the wind speed, and hence the wind stress (proportional to the square of the wind speed), and an increase in the surface irradiance would both act to strengthen stratification and enhance the warming of the top mixed layer of the water column. This explains the warming during the stratified phase of the year. During the winter period, the sea-surface temperature is related to air temperature and more likely to be directly influenced by large-scale synoptic processes such as the NAO. The net heat flux anomaly calculations (Fig. 7) possibly help quantify this assertion of increasing irradiance and reduction in wind speed serving to cause the recent warming trend. However, without fine temporal resolution measurements quantifying each component of the heat budget, bulk formulations will always fall prey to being functions of the forcing parameters against which relationships are sought. This being said the correlation between irradiance and the net heat flux anomaly is 0.87 (explaining 75% of the variance) and the correlation between wind speed and the net heat flux anomaly is 20.52 (explaining 27% of the variance).
The temperature changes reported at E1 are consistent with those of other long-term series on the north-west European Shelf. The Malin Head coastal station (558 23 0 N, 78 23 0 W), where records began in 1960, also shows an increase since the mid-1980s of around 0.68C per decade. The Helgoland Roads Station (548 11 0 N, 78 54 0 E) temperature series (1950-present) shows an increase of 1.58C over the same period as does the Port Erin (548 05 0 N, 48 46 0 W) series which has a comparable length to the E1 observational period, having begun in 1904.
The nutrient concentrations at E1 are consistent with open-shelf rather than oceanic values (Hydes et al., 2004) . This is because the physical processes at the shelf break tend to insulate the Western English Channel from the Atlantic Ocean (Pingree et al., 1999) . There is evidence from the difference in nutrient concentrations, that L4 is more directly affected by riverine inputs than E1. The silicate concentrations at E1 are consistent with open-shelf values and the timings of the maximum in March (3.5 mM; Fig. 11 ) with the maximum in salinity (35.26; Fig. 9 ) suggests a source other than Atlantic water (Pingree et al., 1977) . The variability in the summer month values of nitrate and phosphate (Fig. 11) at L4, which is simply not reproduced at E1, shows a strong linkage to the Tamar estuary as reported elsewhere (Rees et al., 2009) . It may be concluded that the nutrient concentrations at E1 are subject to larger scale climatic drivers, such as the NAO and Russell cycle, and L4 is subject to the variability of land-sea exchanges via the Tamar estuary superimposed on background climatologies.
The sporadic increases in nutrients at L4, driven by fluvial inputs from the Tamar, are consistent with the large variability in the surface salinity anomalies (Fig. 10) . As the variability is not reproduced at 50 m depth, the freshening events are restricted to the surface layer (typically down to 20 m depth), forming surface lenses of fresher water. The introduction of fresher surface water causes changes in buoyancy, and hence turbulence, which are critical in determining phytoplankton growth (Huisman et al., 1999) . Indeed, Lewis and Allen (Lewis and Allen, 2009 ) have already reported that observed changes in phytoplankton community are related to salinity at L4.
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